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ABSTRACT
Uranus has three known co-orbitals: 83982 Crantor (2002 GO9), 2010 EU65 and 2011 QF99.
All of them were captured in their current resonant state relatively recently. Here, we perform
a comparative analysis of the orbital evolution of these transient co-orbitals to understand
better how they got captured in the first place and what makes them dynamically unstable.
We also look for additional temporary Uranian co-orbital candidates among known objects.
Our N -body simulations show that the long-term stability of 2011 QF99 is controlled by
Jupiter and Neptune; it briefly enters the 1:7 mean motion resonance with Jupiter and the 2:1
with Neptune before becoming a Trojan and prior to leaving its tadpole orbit. During these
ephemeral two-body mean motion resonance episodes, apsidal corotation resonances are also
observed. For known co-orbitals, Saturn is the current source of the main destabilizing force
but this is not enough to eject a minor body from the 1:1 commensurability with Uranus. These
objects must enter mean motion resonances with Jupiter and Neptune in order to be captured
or become passing Centaurs. Asteroid 2010 EU65, a probable visitor from the Oort cloud,
may have been stable for several Myr due to its comparatively low eccentricity. Additionally,
we propose 2002 VG131 as the first transient quasi-satellite candidate of Uranus. Asteroid
1999 HD12 may signal the edge of Uranus’ co-orbital region. Transient Uranian co-orbitals
are often submitted to complex multibody ephemeral mean motion resonances that trigger the
switching between resonant co-orbital states, making them dynamically unstable. In addition,
we show that the orbital properties and discovery circumstances of known objects can be used
to outline a practical strategy by which additional Uranus’ co-orbitals may be found.
Key words: celestial mechanics – minor planets, asteroids: individual: 1999 HD12 – minor
planets, asteroids: individual: 83982 Crantor (2002 GO9) – minor planets, asteroids: individ-
ual: 2002 VG131 – minor planets, asteroids: individual: 2010 EU65 – minor planets, asteroids:
individual: 2011 QF99 – planets and satellites: individual: Uranus.
1 INTRODUCTION
Besides bound companions or natural satellites, planets may have
unbound companions or co-orbitals, i.e. objects trapped in a 1:1
mean motion resonance with the planet. Co-orbital bodies are not
only interesting curiosities found in the celestial mechanics stud-
ies, but also represent temporary reservoirs for certain objects as
well as the key to understand the origin of retrograde outer satel-
lites of the giant planets and the accretional processes in the early
Solar system (see e.g. Namouni, Christou & Murray 1999). These
co-orbital bodies can be primordial, if they were captured in their
present resonant state early in the history of the Solar system and
have remained dynamically stable for billions of years, or transient,
if they were captured relatively recently.
Several thousand minor bodies are known to be currently
trapped in the 1:1 mean motion resonance with Jupiter and most of
⋆ E-mail: nbplanet@fis.ucm.es
them may have remained as such for Gyr (see e.g. Milani 1993; Je-
witt, Trujillo & Luu 2000; Morbidelli et al. 2005; Yoshida & Naka-
mura 2005; Robutel & Gabern 2006; Robutel & Bodossian 2009;
Grav et al. 2011; Nesvorny´, Vokrouhlicky´ & Morbidelli 2013).
Neptune also hosts a likely large population of co-orbitals both
long-term stable (e.g. Kortenkamp, Malhotra & Michtchenko 2004;
Nesvorny´ & Vokrouhlicky´ 2009; Sheppard & Trujillo 2006, 2010)
and transient (e.g. de la Fuente Marcos & de la Fuente Marcos
2012b,c). In sharp contrast, the number of asteroids currently en-
gaged in co-orbital motion with Uranus appears to be rather small
and its nature comparatively ephemeral. Uranus has Centaurs tem-
porarily trapped in other mean motion resonances as well (Masaki
& Kinoshita 2003; Gallardo 2006, 2014).
The theoretical possibility of finding primordial or transient
Uranian co-orbitals, in particular Trojans, has been a subject of
study for almost three decades. In general, numerical simulations
predict that Uranus may have retained a certain amount of its pri-
mordial co-orbital minor planet population and also that short-term
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stable (for some Myr) co-orbitals may exist. Zhang & Innanen
(1988a,b) and Innanen & Mikkola (1989) found that some tad-
pole orbits may survive for 10 Myr. Mikkola & Innanen (1992)
described tadpole orbits stable for at least 20 Myr and with libra-
tion amplitudes close to 100◦; horseshoe orbiters were only stable
for shorter periods of time (<10 Myr). Holman & Wisdom (1993)
found similar results. Gomes (1998) explained the observational
absence of primordial Uranus Trojans as a side effect of planetary
migration. Wiegert, Innanen & Mikkola (2000) focused on quasi-
satellites and found that some test orbits were stable for up to 1
Gyr but only at low inclinations (<2◦) and with eccentricities in the
range 0.1–0.15. Nesvorny´ & Dones (2002) concluded that any ex-
isting Uranus’ primordial Trojan population should have now been
depleted by a factor of 100. Gacka (2003) also found short-term
stable tadpole orbits. In a very detailed study, Marzari, Tricarico
& Scholl (2003) identified a real absence of Trojan stable orbits at
low libration amplitudes and also that, among the Jovian planets,
Uranus has the lowest probability of hosting long-term stable Tro-
jans. Horner & Evans (2006) stated that Uranus appears not to be
able to efficiently capture objects into the 1:1 commensurability to-
day even for short periods of time. Lykawka & Horner (2010) found
that Uranus should have been able to capture and retain a signifi-
cant population of Trojan objects from the primordial planetesimal
disc by the end of planetary migration. These authors concluded
that originally the orbits of these objects should have had a wide
range of orbital eccentricities and inclinations.
Predictions from numerical simulations appear to be gener-
ally consistent with the available observational evidence that tran-
sient Uranian co-orbitals do exist but primordial ones may not. So
far, Uranus has only three known co-orbitals: 83982 Crantor (2002
GO9) (Gallardo 2006; de la Fuente Marcos & de la Fuente Marcos
2013b), 2010 EU65 (de la Fuente Marcos & de la Fuente Marcos
2013b) and 2011 QF99 (Alexandersen et al. 2013a; Alexandersen
et al. 2013b). Due to its present short data-arc (85 d), 2010 EU65 is
better described as a candidate. Asteroids Crantor and 2010 EU65
follow horseshoe orbits in a frame of reference rotating with Uranus
and 2011 QF99 is an L4 Trojan; the three of them are only short-
term stable and, therefore, they must be captured objects. Most
published studies focus on what makes a hypothetical primordial
population of Uranian co-orbitals dynamically unstable, leaving the
question of how the transient ones got captured unanswered.
In absence of observational bias, the lack of a sizeable present-
day population of minor bodies trapped in the 1:1 commensurabil-
ity with Uranus is probably due to persistent perturbations by the
other giant planets. Uranus’ Trojans are affected by high-order res-
onances with Saturn (Gallardo 2006). In the case of current horse-
shoe librators, Saturn also appears to be the main source of the
destabilizing force (de la Fuente Marcos & de la Fuente Marcos
2013b). Dvorak, Bazso´ & Zhou (2010) studied the stability of hy-
pothetical primordial Uranus’ Trojans and concluded that the Tro-
jan regions are mostly unstable. For these authors, the orbital incli-
nation is the key parameter to characterize the stability of Uranus’
Trojans; only the inclination intervals (0, 7)◦, (9, 13)◦, (31, 36)◦and
(38, 50)◦appear to be stable (regions A, B, C and D, respectively,
in Dvorak et al. 2010). The existence of these islands of stabil-
ity enables the presence of Trojan companions to Uranus. Asteroid
2011 QF99 appears to inhabit one of these stable areas in orbital
parameter space as its current orbital inclination is nearly 11◦but it
is not a primordial Uranus’ Trojan.
Here, we revisit the subjects of capture and stability of cur-
rent Uranian co-orbitals, providing an independent assessment of
the 1:1 commensurability of the newly found Uranus’ Trojan,
2011 QF99, studying its future orbital evolution and looking into
its dynamical past. Our numerical investigation is aimed at adding
more pieces to the overall puzzle of the apparent scarcity of Uranian
co-orbitals as we explore the role of multibody ephemeral mean
motion resonances. On the other hand, the comparative study of
both the dynamics of the few known co-orbitals and candidates, and
their discovery circumstances, reveals important additional clues to
solve this puzzle. This paper is organized as follows. In Section 2,
we briefly discuss the numerical model used in our N -body simu-
lations. The current status of 2011 QF99 is reviewed in Section 3.
The capture mechanism and stability of 2011 QF99 are further stud-
ied in Section 4. We revisit the cases of Crantor and 2010 EU65 in
Section 5. Section 6 introduces a few new Uranus’ co-orbital candi-
dates. In Section 7, we discuss our results on the stability of current
Uranian co-orbitals. We present a practical guide to discover addi-
tional objects in Section 8. Section 9 summarizes our conclusions.
2 NUMERICAL INTEGRATIONS
In order to perform a comparative analysis of the orbital evolution
of known transient Uranian co-orbitals, we solve directly the New-
tonian equations of motion by means of the Hermite integration
scheme described by Makino (1991) and implemented by Aarseth
(2003). The adequacy of this integration approach for Solar system
dynamical studies has been extensively tested by the authors (de
la Fuente Marcos & de la Fuente Marcos 2012a,b,c, 2013a,b). The
standard version of this N -body sequential code is publicly avail-
able from the IoA web site1.
Our calculations include the perturbations by the eight major
planets, the Moon, the barycentre of the Pluto-Charon system and
the three largest asteroids, (1) Ceres, (2) Pallas and (4) Vesta. For
accurate initial positions and velocities, we used the latest Helio-
centric ecliptic Keplerian elements provided by the Jet Propulsion
Laboratory (JPL) online Solar system data service2 (Giorgini et al.
1996) and initial positions and velocities based on the DE405 plan-
etary orbital ephemerides (Standish 1998) referred to the barycen-
tre of the Solar system. The orbits were computed 1 Myr forward
and backward in time. Additional details can be found in de la
Fuente Marcos & de la Fuente Marcos (2012a).
In addition to the orbital calculations completed using the
nominal elements in Tables 1 and 2, we have performed 50 control
simulations with sets of orbital elements obtained from the nomi-
nal ones and the quoted uncertainties. These control orbits follow
a Gaussian distribution in the six-dimensional space of orbital ele-
ments and their orbital parameters are compatible with the observa-
tions within the 3σ uncertainties (see Tables 1 and 2), reflecting the
observational incertitude in astrometry. In the integrations, the rel-
ative error in the total energy was always as low as 2.0× 10−15 or
lower after a simulated time of 1 Myr. The corresponding error in
the total angular momentum is several orders of magnitude smaller.
In all the figures, and unless explicitly stated, t = 0 coincides with
the JD2456800.5 epoch.
3 2011 QF99: A REVIEW
Asteroid 2011 QF99 was discovered on 2011 August 29 at r =
22.6 mag by M. Alexandersen observing from Mauna Kea with
1 http://www.ast.cam.ac.uk/∼sverre/web/pages/nbody.htm
2 http://ssd.jpl.nasa.gov/?planet pos
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Table 1. Heliocentric Keplerian orbital elements of 2011 QF99 used in this
research. Values include the 1σ uncertainty. The orbit is based on 29 ob-
servations spanning a data-arc of 419 d (Epoch = JD2456800.5, 2014-May-
23.0; J2000.0 ecliptic and equinox. Source: JPL Small-Body Database).
Semimajor axis, a (au) = 19.132±0.013
Eccentricity, e = 0.178±0.002
Inclination, i (◦) = 10.807 0±0.001 4
Longitude of the ascending node, Ω (◦) = 222.507±0.002
Argument of perihelion, ω (◦) = 286.8±0.3
Mean anomaly, M (◦) = 271.2±0.6
Perihelion, q (au) = 15.73±0.03
Aphelion, Q (au) = 22.54±0.02
Absolute magnitude, H (mag) = 9.7
the Canada–France–Hawaii Telescope (CFHT; Alexandersen et al.
2013a). The observations were made as part of an ongoing survey
with CFHT, looking for trans-Neptunian objects (TNOs) and minor
bodies located between the giant planets. However, they were not
submitted to the Minor Planet Center (MPC) until March 2013 (the
discovery was announced on 2013 March 18; Alexandersen et al.
2013a). The object was identified due to its relatively high proper
motion with respect to the background stars. It is comparatively
large with H = 9.7 mag or a diameter close to 60 km assuming a
5 per cent albedo. Its orbit is now reasonably well determined with
29 observations spanning a data-arc of 419 d and it is characterized
by a = 19.13 au, e = 0.18 and i = 10.◦81 (see Table 1). Using these
orbital parameters, 2011 QF99 has been classified as a Centaur by
both the MPC Database3 and the JPL Small-Body Database4. How-
ever, its period of revolution around the Sun, 83.69 yr at present, is
very close to that of Uranus, 84.03 yr. That makes 2011 QF99 a
very good candidate to inhabit Uranus’ co-orbital region.
Asteroid 2011 QF99 was identified as a Trojan of Uranus by
Alexandersen et al. (2013b). It was the first Uranus’ Trojan ob-
served and identified as such. Uranus’ Trojans share the semimajor
axis of Uranus but they may have different eccentricity and inclina-
tion. In a frame of reference rotating with Uranus, they move in the
so-called tadpole orbits around the Lagrangian equilateral points
L4 and L5; L4 is located on the orbit of Uranus at some 60◦ ahead
or east of Uranus, and L5 is some 60◦ west. In other words, and for
those objects, the relative mean longitude λr = λ − λUranus os-
cillates around the values +60◦(L4) or -60◦(or +300◦, L5), where
λ and λUranus are the mean longitudes of the Trojan and Uranus,
respectively. The mean longitude of an object is given by λ = M
+ Ω + ω, where M is the mean anomaly, Ω is the longitude of the
ascending node and ω is the argument of perihelion. The two other
main co-orbital states are quasi-satellite (λr oscillates around 0◦)
and horseshoe (λr oscillates around the Lagrangian point L3 which
is located on the orbit of Uranus but at 180◦from the planet) librator
(see e.g. Mikkola et al. 2006; Murray & Dermott 1999, respectively,
for further details). For any given planet-minor body pair, λr mea-
sures how far in orbital phase the minor body moves with respect to
the planet. Under certain conditions, complex orbits, hybrid of two
(or more) elementary resonant states, are also possible. For exam-
ple, a compound orbit between the Trojan and quasi-satellite states
is also called a large-amplitude Trojan when the libration amplitude
is less than 180◦. Such an orbit encloses L4 (or L5) and Uranus it-
3 http://www.minorplanetcenter.net/db search
4 http://ssd.jpl.nasa.gov/sbdb.cgi
Figure 1. The motion of the asteroid 2011 QF99 during the time interval
(-5, 5) kyr projected on to the ecliptic plane in a coordinate system rotating
with Uranus. The orbit and the position of Uranus are also plotted. In this
frame of reference, and as a result of its non-negligible eccentricity, Uranus
describes a small ellipse. This figure is equivalent to fig. 1 in Alexandersen
et al. (2013b).
self. Recurrent transitions between resonant states are possible for
objects with both significant eccentricity and inclination (Namouni
et al. 1999; Namouni & Murray 2000).
In Fig. 1, we plot the motion of 2011 QF99 over the time
range (-5, 5) kyr in a coordinate system rotating with Uranus.
This figure is equivalent to fig. 1 in Alexandersen et al. (2013b).
In this coordinate system, it appears to follow an oscillating oval-
like path (the epicycle) around Uranus’ Lagrangian point L4. Its
λr librates around +60◦with an amplitude close to 100◦. We there-
fore confirm the current dynamical status of 2011 QF99 as Tro-
jan. Following the work of Mikkola et al. (2006), we define the
relative deviation of the semimajor axis from that of Uranus by
α = (a − aUranus)/aUranus, where a and aUranus are the semi-
major axes of the object and Uranus, respectively. If we plot α as a
function of λr over the time range (-250, 250) kyr, we obtain Fig.
2 that further shows that the motion of 2011 QF99 is confined and
also that the mean oscillation centre is very close to +60◦in λr. For
a Trojan, this object can stray relatively far from the Lagrangian
point L4 but it is not a large-amplitude Trojan because its orbit
(in the rotating frame) does not currently enclose Uranus. It is not
a horseshoe-Trojan librator hybrid either, because the object does
not reach the Lagrangian point L3. This minor planet has remained
in its present dynamical state for hundreds of thousands of years
and it will continue to be trapped in this resonant configuration for
some time into the future.
The current orbital behaviour of 2011 QF99 is illustrated
by the animation displayed in Fig. 3 (available on the electronic
edition as a high-resolution animation). The orbit is presented
in three frames of reference: Heliocentric (left), corotating with
Uranus (top-right) and Uranocentric (bottom-right). The dynami-
cal evolution of an object moving in a Trojan-like orbit associated
with Uranus can be decomposed into a slow guiding centre libra-
tional motion and a superimposed short period three-dimensional
c© 2014 RAS, MNRAS 000, 000–000
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Figure 2. Resonant evolution of the asteroid 2011 QF99 over the time range
(-250, 250) kyr. The relative deviation of its semimajor axis from that of
Uranus, α, as a function of the relative mean longitude, λr, is displayed.
Figure 3. Three-dimensional evolution of the orbit of 2011 QF99 in three
different frames of reference: Heliocentric (left), frame corotating with
Uranus but centred on the Sun (top-right), and Uranocentric (bottom-right).
The red point represents 2011 QF99, the green one is Uranus, and the yel-
low one is the Sun. The osculating orbits are outlined and the viewing angle
changes slowly to facilitate visualizing the orbital evolution. This figure is
available on the electronic edition as a high-resolution animation.
epicyclic motion viewed in a frame of reference corotating with
Uranus. The object spirals back and forth along Uranus’ orbit and
ahead of the planet with a period of nearly 5500 yr. This period
changes slightly as a result of the changes in inclination. Each
time the object gets close to Uranus, it is effectively repelled by
the planet. In contrast, at the point of maximum separation from
Uranus it is drawn towards the planet.
A plot of the evolution of the orbital elements of 2011 QF99
over a 2 Myr interval centred on the present epoch is shown in
Fig. 4. This figure displays the dynamical evolution of the nominal
orbit (central panels) and those of two representative worst orbits
which are most different from the nominal one. The orbit labelled
as ‘dynamically cold’ (left-hand panels) has been obtained by sub-
tracting three times the value of the respective uncertainty from the
orbital parameters (the six elements) in Table 1. This orbit is the
coldest, dynamically speaking, possible (lowest values of a, e and
i) that is compatible with the current values of the orbital param-
eters of 2011 QF99. In contrast, the orbit labelled as ‘dynamically
hot’ (right-hand panels) was computed by adding three times the
value of the respective uncertainty to the orbital elements in Table
1. This makes this trajectory the hottest possible in dynamical terms
(largest values of a, e and i).
All the control orbits exhibit consistent behaviour within a few
dozen thousand years of t = 0. Dynamically colder orbits are less
stable. The distance to 2011 QF99 from Uranus is plotted in Fig. 4,
panel A and shows that, in the future, the object undergoes close
encounters with Uranus, near one Hill radius, prior to its departure
from the co-orbital state. Such close encounters are also observed
in the past, before its insertion in the co-orbital region. The evo-
lution of λr in panel B indicates that, for the nominal orbit, the
current co-orbital episode will end in about 0.37 Myr from now;
then, 2011 QF99 will decouple from Uranus with λr stopping its
current libration and starting to circulate.
The nominal orbit displays a fairly stable evolution during the
entire co-orbital episode; in contrast, the slightly different (but still
compatible with the available observations) control orbits exhibit
multiple transitions between the various co-orbital states. This is
similar to what is observed in the case of 83982 Crantor (2002
GO9), a well studied Uranian horseshoe librator (de la Fuente Mar-
cos & de la Fuente Marcos 2013b), even if this other object is far
less stable (see below). Both L4 and L5 Trojan episodes are possible
but horseshoe-like behaviour and even quasi-satellite episodes are
also observed. The semimajor axis, panel C, exhibits the character-
istic oscillatory behaviour associated with a 1:1 mean motion res-
onance. The value of the orbital eccentricity, panel D, stays under
0.2 for most of the co-orbital evolution and the inclination, panel E,
remains confined to region B as defined in Dvorak et al. (2010). The
argument of perihelion, panel F, mostly circulates, although some
brief Kozai-like resonance (Kozai 1962) episodes are observed (see
Fig. 4, F-panels).
All control calculations indicate that 2011 QF99 has been co-
orbital with Uranus for at least 0.5 Myr but less than 2 Myr. It will
leave the co-orbital region in 50 kyr to 0.7 Myr from now. The most
probable duration of the entire co-orbital episode is nearly 1 Myr.
When trapped in the co-orbital region, its characteristic time-scale
for chaotic divergence is∼10 kyr. These results are consistent with
those in Alexandersen et al. (2013b). In the following section we
further investigate the details of the mechanism responsible for the
insertion (ejection) of 2011 QF99 into (from) the 1:1 mean motion
resonance with Uranus.
4 2011 QF99: STABILITY ANALYSIS
Asteroid 2011 QF99 is currently confined to region B as defined in
Dvorak et al. (2010), inclination interval (9, 13)◦. Our numerical
experiments indicate that, in this case, the instability surrounding
this region is induced by the combined action of Jupiter and Nep-
tune. Dvorak et al. (2010) argued that the instability at the high-
inclination boundary (∼13◦) is induced by Jupiter and Uranus but
they could not identify the cause of instability at the low-inclination
boundary (∼9◦). Dvorak et al. (2010) integrations only include the
Sun and the four gas giants. They studied the semimajor axis range
18.9–19.6 au with the orbital elements eccentricity, longitude of the
node, and mean anomaly set to the corresponding values of Uranus
(eUranus = 0.048, ΩUranus = 73.◦84), and the argument of the per-
ihelion ω = ωUranus ± 60◦ (ωUranus = 95.◦74). Some of these
arbitrary choices have an impact on the applicability of their results
to actual objects.
In any case, numerical integrations clearly indicate that the
overall stability of individual Uranian co-orbitals not only depends
on the orbital inclination but also on the eccentricity. Uranus horse-
shoe librator 83982 Crantor (2002 GO9) is also presently confined
to region B (even if it is not currently a Trojan) but its eccentricity is
c© 2014 RAS, MNRAS 000, 000–000
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Figure 4. Time evolution of various parameters for the nominal orbit (central panels) and two representative examples of orbits that are most different from
the nominal one in Table 1 (see the text for details). The distance of 2011 QF99 from Uranus (panel A); the value of the Hill sphere radius of Uranus, 0.447
au, is displayed. The resonant angle, λr (panel B). The orbital elements a (panel C) with the current value of Uranus’ semimajor axis, e (panel D), i (panel
E), and ω (panel F). The distances to the descending (thick line) and ascending nodes (dotted line) are shown in the G-panels. Saturn’s and Neptune’s aphelion
and perihelion distances as well as Uranus semimajor axis are also plotted. Fig. S1 in Alexandersen et al. (2013b) is partially equivalent to this figure.
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higher (e = 0.27) and, consistently, the destabilizing role of Saturn
is enhanced with Neptune becoming a rather secondary perturber
(de la Fuente Marcos & de la Fuente Marcos 2013b). The horse-
shoe librator candidate 2010 EU65 is confined to a theoretically
unstable region under Dvorak et al. (2010) analysis for Trojans (i
= 14.◦84) but its current dynamical status is significantly more sta-
ble than that of Crantor (or even 2011 QF99) due to its far lower
eccentricity (e = 0.05).
In its present orbit, 2011 QF99 (and Uranus) moves in near
resonance with the other three giant planets: 1:7 with Jupiter (pe-
riod ratio of 0.142), 7:20 with Saturn (period ratio of 0.351) and
2:1 with Neptune (period ratio of 1.963). The dominant role played
by Neptune and Jupiter on the orbital evolution of 2011 QF99 must
be connected with these near resonances and their possible super-
position. Multibody resonances are a major source of chaos in the
Solar system. In order to understand better what makes 2011 QF99
(and other Uranian co-orbitals) dynamically unstable we study the
time evolution of the resonant arguments σJ = 7λ − λJ − 6̟,
σS = 20λ− 7λS− 13̟ and σN = λ− 2λN +̟, where λJ is the
mean longitude of Jupiter, λS is the mean longitude of Saturn, λN
is the mean longitude of Neptune and ̟ = Ω+ ω is the longitude
of the perihelion of 2011 QF99. In Fig. 5, arguments σJ, σS, σN
and the relative mean longitude with respect to Uranus, λr, (thick
line) are plotted against time for the interval (-25, 25) kyr. It is clear
from the figure that present-day 2011 QF99 is not in mean motion
resonance with Jupiter or Neptune but it is trapped in the 7:20 mean
motion resonance with Saturn. This finding is consistent with the
analysis carried out by Gallardo (2006) in which he concluded that
Uranus’ Trojans are affected by high-order resonances with Saturn.
The librations of both σS and λr are synchronized and σS alter-
nates between circulation and asymmetric libration, indicating that
the motion is chaotic. The argument σJ exhibits a remarkable pe-
riodic behaviour but it does not librate; it may be very close to the
separatrix in the phase space of the mean motion resonance though.
For the nominal orbit, the resonant behaviour displayed in Fig.
5 persists for about 0.7 Myr but it changes prior to the insertion of
2011 QF99 into Uranus’ co-orbital region and also before its ejec-
tion from the 1:1 commensurability (see below). For the control
orbits, this resonant pattern is observed from 0.5 to over 2 Myr. As
Trojan, 2011 QF99 is submitted to a weak mean motion resonance
with Saturn, characterized by an intermittent asymmetric libration,
that is unable to terminate its co-orbital state. This is likely also
the result of being very close to the separatrix in the phase space.
In fact, this weak resonance with Saturn may make the tadpole or-
bit more stable. Even if 2011 QF99 is not strictly submitted to any
mean motion resonance with Jupiter or Neptune during its Trojan
episode, their perturbations are strong enough to boost the libra-
tion amplitude of the tadpole path and likely contribute towards
the long-term instability (chaotic diffusion) of the present resonant
configuration.
Fig. 6 shows the evolution of the various resonant arguments
for the nominal orbit just prior to the insertion of 2011 QF99 into
Uranus’ co-orbital region. All the resonant arguments plotted were
circulating 590 kyr before the current epoch. From the point of
view of Uranus, the asteroid was a passing object. Then, a close en-
counter with Uranus sent 2011 QF99 into the outskirts of Uranus’
co-orbital region and into the 1:7 mean motion resonance with
Jupiter and the 2:1 mean motion resonance with Neptune. The com-
bined action of these two mean motion resonances, a three-body
mean motion resonance (Nesvorny´ & Morbidelli 1998; Murray,
Holman & Potter 1998), made 2011 QF99 a horseshoe librator first
and later an L4 Trojan. For over 50 000 yr, the three-body reso-
Figure 5. Asteroid 2011 QF99. Resonant arguments σJ = 7λ− λJ − 6̟
(top panel), σS = 20λ − 7λS − 13̟ (middle panel) and σN = λ −
2λN+̟ (bottom panel) plotted against time for the time interval (-25, 25)
kyr. The relative mean longitude with respect to Uranus appears as a thick
line. The angle σS alternates between circulation and asymmetric libration,
indicating that the motion is chaotic. The observed resonant evolution is
consistent across control orbits.
nance was active, inserting the Centaur into a relatively stable con-
figuration and also into the 7:20 mean motion resonance with Sat-
urn. Capture into Uranus’ co-orbital zone takes place at the low-
inclination boundary (∼10◦) of the stability island described by
Dvorak et al. (2010). Nearly 545 kyr ago, 2011 QF99 left the three-
body resonance with Jupiter and Neptune and became firmly placed
as Trojan. During the Trojan phase, 2011 QF99 is also submitted to
a three-body resonance, the 7:20 mean motion resonance with Sat-
urn and the 1:1 mean motion resonance with Uranus. Remarkably,
for the studied control orbits the sequence of events leading to Tro-
jan capture is, in general, almost identical to the one described for
the nominal orbit, only the timing is different.
The ejection from Uranus’ co-orbital region follows a similar
process. Fig. 7 shows the evolution of the same parameters plot-
ted in Figs 5 and 6 for the nominal orbit before 2011 QF99 be-
comes a passing object. The object was initially trapped in the 7:20
mean motion resonance with Saturn. Nearly 290 kyr into the fu-
ture, the Trojan will fall again into the 1:7 mean motion resonance
with Jupiter, leaving its tadpole orbit for an irregular horseshoe
path. Nearly 80 kyr later, the object will leave the resonance with
Jupiter, briefly entering the 2:1 mean motion resonance with Nep-
tune. This perturbation effectively terminates the co-orbital episode
with Uranus; the object becomes a passing Centaur again. Ejection
from Uranus’ co-orbital zone takes place at the high-inclination
boundary (∼13◦) of the stability island described by Dvorak et al.
(2010). As in the case of capture, the dynamical evolution of the
control orbits during ejection events is similar to the one described
for the nominal orbit but with different timings. Our calculations
clearly show that mean motion resonances with Jupiter and Nep-
tune destabilize the co-orbital dynamics of 2011 QF99, eventually
inducing close encounters with Uranus. This was first predicted by
Marzari et al. (2003).
When studying isolated resonances, a critical angle is custom-
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Figure 6. Asteroid 2011 QF99. Similar to Fig. 5 but for the time interval
(-600, -500) kyr. The evolution of the various resonant arguments just prior
to the insertion of 2011 QF99 into Uranus’ co-orbital region is displayed.
arily defined so it exhibits different behaviour inside or outside
the resonance, namely libration versus circulation. In contrast, our
present study uncovers a resonant scenario characterized by highly
nonlinear dynamics in which nested resonances are at work (see
e.g. Morbidelli 2002). In addition, some of the resonances observed
here are ephemeral, i.e. comparatively short-lived. Under such con-
ditions, it is difficult to define a critical angle (see e.g. Robutel &
Gabern 2006). This is why we focus on the natural candidates for
low-order mean motion resonances, neglecting the possible exis-
tence of a, perhaps, better (and more complicated) critical angle
relation that may be obtained by the means of an accurate deter-
mination of the proper frequencies. For additional details on this
interesting issue, see Robutel & Gabern (2006).
It could be argued that, in co-orbital regime, it is difficult to
distinguish between the 2:1 mean motion resonance with Neptune
and a secondary resonance. Secondary resonances were introduced
by Lemaıˆtre & Henrard (1990) and take place when there is a com-
mensurability between apsidal and libration frequencies (for fur-
ther details see Morbidelli 2002). Secondary resonances have been
found for Jupiter’s Trojan asteroids (see Robutel & Gabern 2006).
In our case, this is unlikely because the 2:1 resonance with Neptune
is only observed for a few thousand years, during capture and ejec-
tion, not during the relatively long trapping inside the 1:1 mean mo-
tion resonance with Uranus. Secondary resonances may be present
during the co-orbital phase as in the case of Jupiter’s Trojans but
they probably have a very minor role for these transient objects.
In general, minor bodies that cross the paths of one or more
planets can be rapidly destabilized by scattering resulting from
close planetary approaches if their orbital inclinations are low. As-
teroid 2011 QF99 follows an eccentric orbit (e ≈ 0.2) but, cur-
rently, it only crosses the orbit of Uranus. This is also the case
of Crantor and 2010 EU65 (de la Fuente Marcos & de la Fuente
Marcos 2013b), and like them, only close encounters with Uranus
can activate or deactivate their co-orbital status with Uranus. All
of them have similar, relatively significant orbital inclinations. In
the Solar system, and for objects moving in inclined orbits, close
Figure 7. Asteroid 2011 QF99. Similar to Fig. 5 but for the time interval
(250, 390) kyr. The evolution of the various resonant arguments before be-
coming a passing object.
encounters with major planets are only possible in the vicinity of
the nodes. The distance between the Sun and the nodes is given
by r = a(1 − e2)/(1 ± e cosω), where the ‘+’ sign denotes the
ascending node and the ‘-’ sign the descending node.
Fig. 4, central G-panel shows the evolution of the distance
to the nodes of 2011 QF99 in the time range (-1, 1) Myr for the
nominal orbit in Table 1. As in the case of Crantor and 2010
EU65, the evolution of the orbital elements in Fig. 4 shows that,
for 2011 QF99, changes in ω dominate those in a and e and largely
control the positions of the nodes. The precession rate of the nodes
is rather regular during co-orbital episodes but becomes chaotic
when λr circulates. As pointed out below, this precession rate is
somewhat synchronized with those of Jupiter and Uranus itself. Al-
though the values of the nodal distances are currently very close to
the value of the semimajor axis of Uranus, close (but relatively dis-
tant due to its Trojan status) flybys are only possible at the ascend-
ing node because the object is always east of Uranus when confined
to the Trojan L4 region. That makes it considerably more stable
than Crantor, which experiences close encounters with Uranus at
both nodes. For 2011 QF99, the combined action of Jupiter and
Neptune drives the body out of the stable island and eventually
completely out of the co-orbital region. This happens when ω be-
comes 0◦which also implies that its ascending node is now located
at the perihelion distance i.e. the closest possible to Saturn and
Jupiter. At that time, the descending node is found at the aphelion
distance, the closest possible to Neptune. Under this arrangement,
resonant perturbations are most effective as the perihelia of the var-
ious objects involved approximately lie along the same direction.
Then, after ejection from the co-orbital region, close encounters
with Saturn become possible as the nodal distances are able to reach
Saturn’s aphelion (see Fig. 4, G-panels).
The behaviour pointed out above suggests that the preces-
sion frequency of the longitude of the perihelion of 2011 QF99,
̟ = Ω+ω, could be in secular resonance with one or more of the
giant planets. There is a well-documented secular resonance be-
tween Uranus’ perihelion and Jupiter’s aphelion, as the difference
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between the two librates around 130◦within ∼ ±70◦with a period
of ∼1.1 Myr (Milani & Nobili 1985). This period is close to the
most typical duration of the co-orbital episode of 2011 QF99 with
Uranus. Stockwell (1873) was first in realizing that the mean mo-
tion of Jupiter’s perihelion is almost equal to that of Uranus, and
that the mean longitudes of these perihelia differ by nearly 180◦.
Following e.g. Laskar (1990), the frequency that dominates the pre-
cession of both Jupiter’s and Uranus’ perihelia is g5. If we represent
the relative longitude of the perihelion, ∆̟ = ̟−̟P, where ̟P
is the longitude of the perihelion of the studied planet, as a function
of the time, we obtain Fig. 8. These plots show that only in the case
of Saturn, the resonant argument ∆̟ circulates over the entire sim-
ulated time interval; the dominant frequency for Saturn’s longitude
of perihelion is g6 (see e.g. Laskar 1990). Before becoming a Ura-
nian co-orbital both ̟−̟J and ̟−̟U circulated. After leaving
the Trojan region, ̟ − ̟J starts to circulate again. As predicted
by Marzari et al. (2003), during the Trojan episode the asteroid is
in secular resonance with proper frequency g5.
If ∆̟ = ̟ − ̟P librates around 0◦, planet and object are
very close to an stationary solution in which both orbits have their
semimajor axes aligned so the conjunction occurs when planet and
object are both at perihelion. If the libration is around 180◦, then
their perihelia lie in opposite directions. Fig. 8 shows that, for a
relatively brief period of time, nearly 500 kyr ago, ̟−̟J librated
symmetrically around 0◦, when the object was also trapped in the
1:7 mean motion resonance with Jupiter. During this brief period
of time, the two bodies were in apsidal corotation resonance (see
Lee & Peale 2002; Beauge´, Ferraz-Mello & Michtchenko 2003) as
their lines of apsides were aligned, maximizing the perturbation.
Simultaneously, ̟ − ̟N librated around 180◦meaning that, for a
brief period of time, their perihelia lied on opposite directions. Prior
to the ejection from the co-orbital region, ̟ −̟U briefly librates
around 0◦. Having their lines of apsides aligned, the two objects
encounter each other at perihelion and that sends 2011 QF99 into
the 1:7 mean motion resonance with Jupiter. Again an ephemeral
double apsidal corotation is observed, symmetric with respect to
Jupiter and anti-symmetric with respect to Neptune, and the object
becomes a passing Centaur.
The region where the motion of 2011 QF99 occurs during co-
orbital insertion and ejection is part of a very chaotic domain where
the superposition of mean motion and secular resonances severely
complicates the dynamical study. Sometimes, the mean motion res-
onances are dense in phase space but, in some cases, they actually
overlap. The ephemeral episodes of apsidal corotation observed be-
tween 2011 QF99 and Jupiter corresponds to a Type I apsidal coro-
tation as described in Beauge´ et al. (2003).
5 TWO HORSESHOE LIBRATORS: 83982 CRANTOR
(2002 GO9) AND 2010 EU65
Asteroid 83982 Crantor (2002 GO9) was initially proposed as
Uranus’ first co-orbital companion by Gallardo (2006). In his work,
Crantor is identified as horseshoe librator. Using an improved orbit,
de la Fuente Marcos & de la Fuente Marcos (2013b) confirmed that
Crantor is, in fact, a temporary horseshoe librator. The short-term
evolution of Crantor is displayed in Fig. 9 and it is substantially
less stable than that of 2011 QF99 in Fig. 4. Fig. 10 shows that the
orbital evolution of this object is alternatively affected by the 1:7
mean motion resonance with Jupiter, the 7:20 with Saturn and the
2:1 with Neptune. At the present time, it is not actively submitted
to any of these resonances but it was the combined action of the
Figure 8. Time evolution of the relative longitude of the perihelion, ∆̟, of
2011 QF99 with respect to the giant planets: referred to Jupiter (̟ −̟J),
to Saturn (̟−̟S), to Uranus (̟−̟U) and to Neptune (̟−̟N). Only
in the case of Saturn, the resonant argument ∆̟ circulates over the entire
simulated period. These results are for the nominal orbit in Table 1.
1:7 mean motion resonance with Jupiter and the 2:1 mean motion
resonance with Neptune, the one responsible for sending Crantor
from the quasi-satellite to the horseshoe state nearly 6 kyr ago. The
combination of resonances with Jupiter and Neptune will send the
object back to the quasi-satellite state in about 7 kyr. During horse-
shoe librator episodes the relative mean longitude with respect to
Uranus librates in synchrony with the resonant argument σS; when
Crantor is closest to Uranus, σS librates around 180◦. Control or-
bits exhibit almost identical behaviour during horseshoe episodes
(just slight difference in timings) but in most cases the 7:20 mean
motion resonance with Saturn is also observed during the quasi-
satellite phase. Differences observed between orbits starting with
very similar initial conditions (<1σ difference) are the result of
chaos.
Objects moving in orbits similar to that of 2010 EU65 are
very stable Uranian co-orbitals, significantly more stable than
2011 QF99. All the control orbits indicate that this object may re-
main as a co-orbital companion to Uranus alternating the Trojan
and horseshoe librator states for several (> 2) Myr. If we study the
resonant arguments σJ, σS and σN (see Figs 11 and 12), we ob-
serve that this object is also trapped in a mean motion resonance
with Saturn during its co-orbital evolution as the other objects are
at some point. The relative mean longitude with respect to Uranus
librates in synchrony with the resonant argument σS. Both σJ and
σS alternate between circulation and asymmetric libration, indicat-
ing that the motion is chaotic. The argument σN mostly circulates
but it must be very close to the separatrix. All the control orbits
indicate that 2010 EU65 is a relatively recent visitor probably from
the Oort cloud. The object was likely captured in the 1:1 resonance
with Uranus 1–3 Myr ago. If originated in the Oort cloud, it may
have entered the Solar system nearly 3 Myr ago. It will remain as
Uranus’ co-orbital for 2–5 more Myr. After leaving Uranus’ co-
orbital region it could remain between the orbits of Uranus and
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Table 2. Heliocentric Keplerian orbital elements (and the 1σ uncertainty) of asteroids 1999 HD12, 83982 Crantor (2002 GO9), 2002 VG131 and 2010 EU65
(Epoch = JD2456800.5, 2014-May-23.0; J2000.0 ecliptic and equinox. Data for 1999 HD12 are referred to epoch 2451300.5, 1999-May-02.0. Data for 2002
VG131 are referred to epoch 2452601.5, 2002-Nov-23.0. Source: JPL Small-Body Database.)
1999 HD12 (83982) Crantor 2002 VG131 2010 EU65
Semimajor axis, a (au) = 19±32 19.357 9±0.001 4 19±12 19.3±0.3
Eccentricity, e = 0.5±1.3 0.276 03±0.000 04 0.3±1.0 0.06±0.03
Inclination, i (◦) = 10.1±1.4 12.791 26±0.000 03 21±2 14.8±0.2
Longitude of the ascending node, Ω (◦) = 178±2 117.403 1±0.000 3 213±2 4.583±0.011
Argument of perihelion, ω (◦) = 291±46 92.437±0.003 100±98 192±70
Mean anomaly, M (◦) = 28±87 50.935±0.007 34±14 8±62
Perihelion, q (au) = 9±9 14.014 6±0.000 2 13±10 18.1±0.3
Aphelion, Q (au) = 29±48 24.701±0.002 26±17 20.5±0.3
Absolute magnitude, H (mag) = 12.8 8.8 11.3 9.1
Figure 10. Asteroid 83982 Crantor (2002 GO9). Resonant arguments σJ =
7λ − λJ − 6̟ (top panel), σS = 20λ − 7λS − 13̟ (middle panel) and
σN = λ − 2λN + ̟ (bottom panel) plotted against time for the time
interval (-10, 10) kyr. The relative mean longitude with respect to Uranus
appears as a thick line. The resonant arguments exhibit alternating libration
and circulation that trigger the transitions between the various co-orbital
states.
Neptune for some time but it may also be ejected from the Solar
system. Its co-orbital episode with Uranus will last for about 3–8
Myr.
6 URANIAN CO-ORBITALS: ARE THERE OTHERS?
Asteroid 2011 QF99 was found during a survey mainly focused
on TNOs. During the past 15 years or so, wide-field CCD surveys
aimed at the outer Solar system have found dozens of objects mov-
ing in the neighbourhood of Uranus, many of which were classified
using cuts in the perihelion, q, and other orbital parameters (as an
Figure 11. Asteroid 2010 EU65. Resonant arguments σJ = 7λ−λJ−6̟
(top panel), σS = 20λ − 7λS − 13̟ (middle panel) and σN = λ −
2λN + ̟ (bottom panel) plotted against time in red for the time interval
(-10, 10) kyr. The relative mean longitude with respect to Uranus appears in
blue. Both σJ and σS alternate between circulation and asymmetric libra-
tion, indicating that the motion is chaotic but the resonant argument σS is
synchronized with λr. The argument σN mostly circulates.
example, the MPC defines that Centaurs must have a perihelion
larger than Jupiter’s orbit and a semimajor axis shorter than Nep-
tune’s). This approach leads to misidentification of resonant minor
bodies (Shankman 2012). Therefore, it is quite possible that some
of these objects may have not been properly classified and that they
may be trapped, perhaps just temporarily, in a 1:1 mean motion
resonance with Uranus. Here, we explore this possibility and try to
uncover additional Uranus’ co-orbitals. We select candidates with
relative semimajor axis, |a− aUranus| 6 0.15 au, and use N -body
simulations, as described above, to confirm or reject their current
co-orbital nature with Uranus. Our selection criterion reveals two
additional candidates: 1999 HD12 and 2002 VG131. We call them
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Figure 9. Time evolution of various parameters for the nominal orbits of known and new Uranian co-orbital candidates (see the text for details). The distance
of the object from Uranus (panel A); the value of the Hill sphere radius of Uranus, 0.447 au, is displayed. The resonant angle, λr (panel B). The orbital
elements a (panel C) with the current value of Uranus’ semimajor axis, e (panel D), i (panel E), and ω (panel F).
candidates because both objects have very short data-arcs. As a re-
sult, their orbits are very poorly determined. They are included here
for completeness, to explore the dynamics of other possible short-
term stable co-orbital parameter domains, and to encourage the ac-
quisition of further observations to improve their orbital solutions.
Asteroid 1999 HD12 was discovered on 1999 April 17 at R
= 22.9 mag by the Deep Ecliptic Survey (DES) observing with the
4 m Mayall Telescope at Kitt Peak National Observatory (Millis
et al. 1999; Bernstein & Khushalani 2000; Millis et al. 2002; El-
liot et al. 2005). The uncertainties associated with its orbit are very
large as it is based on just 11 observations with a data-arc of only
49 d. The orbital elements are: a = 19.34 au, e = 0.52, i = 10◦,
Ω = 178◦and ω = 291◦ , with H = 12.8 mag. Its orbital evolution
is shown in Fig. 9 and it is extremely chaotic. If 83982 Crantor
(2002 GO9) has an e-folding time of nearly 1 kyr, any object mov-
ing in an orbit similar to that of 1999 HD12 has a much shorter
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Figure 12. Same as Fig. 11 but for the time interval (0.70, 0.75) Myr.
e-folding time (< 100 yr). With a perihelion of 9.4 au and an aphe-
lion of 29.3 au, close encounters with Saturn, Uranus and Neptune
are possible. Its co-orbital episodes with Uranus are brief (a few
kyr) and well scattered. Objects like this one may well signal the
edge of Uranus’ co-orbital region. Fig. 13 shows that it is submitted
to a very complex set of mean motion resonances that involves all
the giant planets. This explains the extremely chaotic behaviour ob-
served (compare the evolution of λr for JD2456800.5 in Fig. 9 with
that of JD2456600.5 in Fig. 13, for the same input observations).
Asteroid 2002 VG131 was discovered on 2002 November 9 at
R = 22.5 mag also by DES (Meech et al. 2002; Elliot et al. 2005).
Its orbit, based on six observations and spanning a data-arc of only
26 d, is very uncertain too. The orbital elements are: a = 19.10 au,
e = 0.34, i = 21◦, Ω = 213◦and ω = 100◦, with H = 11.2 mag.
It is currently a quasi-satellite, the first identified candidate in this
resonant state for Uranus. The orbital evolution of 2002 VG131 as
depicted in Fig. 9 closely resembles that of Crantor, with a very
similar e-folding time. It is very likely that most present-day, tran-
sient Uranian co-orbitals are dynamical analogues of Crantor and
2002 VG131. This object has been included by Jewitt (2009) in his
study of active Centaurs with an effective radius of the nucleus of
11 km and a coma magnitude >26.13 mag (however, it was not
active in 2002 December when it was observed by Keck). Regard-
ing the influence of multibody resonances on the orbital evolution
of this object, Fig. 14 shows that 2002 VG131 is submitted to the
same type of resonant evolution that affects Crantor.
7 DISCUSSION
The stability of the objects studied here reflects the chaos in the
orbital evolution of the giant planets resulting from the superposi-
tion of three-body mean motion resonances for Jupiter, Saturn and
Uranus as identified by Murray & Holman (2001). For large ob-
Figure 13. Asteroid 1999 HD12. Resonant arguments σJ = 7λ−λJ−6̟
(top panel), σS = 20λ−7λS−13̟ (middle panel) and σN = λ−2λN+
̟ (bottom panel) plotted against time for the time interval (-20, 20) kyr. The
relative mean longitude with respect to Uranus appears as a thick line. This
object is submitted to a very complex set of mean motion resonances that
involves all the giant planets.
jects, this translates into a chaotic but long-term stable system; for
small bodies, this superposition turns out to be far from stable.
The dynamical evolution of the previously documented
Uranus’ co-orbital 83982 Crantor (2002 GO9) is very chaotic, the
time-scale necessary for two initially infinitesimally close trajecto-
ries associated with this object to separate significantly, or e-folding
time, is less than 1 kyr (de la Fuente Marcos & de la Fuente Marcos
2013b). In contrast, the characteristic e-folding time of 2011 QF99
during the current Trojan episode has been found to be nearly 10
kyr. Therefore, simulations over long time-scales (e.g. ≫ 1 Myr)
are not particularly useful in this case and we restrict our figures
to just 2 Myr, maximum. Since the orbit of the asteroid is chaotic,
its true phase-space trajectory will diverge exponentially from that
obtained in our calculations. However, the evolution of most of
the control orbits studied exhibit very similar secular behaviour
of the orbital elements in the time interval (-100, 100) kyr. It is
worth noting that, for most 2011 QF99 control orbits, the close en-
counters with Uranus happen well beyond the ends of that interval.
These encounters have the largest overall impact on the evolution of
2011 QF99. The predicted future evolution seems to be more con-
sistent across control orbits than that of the past; i.e. the detailed
dynamical evolution of this object is less predictable into the past
even if it may have been more stable then. There is a wide disper-
sion regarding the actual time of insertion into Uranus’ co-orbital
region. The dynamical evolution of 2011 QF99 as described by our
integrations can be considered reliable within the time interval indi-
cated above but beyond that, we regard our results as an indication
of the probable dynamical behaviour of the minor body. However,
the current dynamical status of the object is firmly established even
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Figure 14. Asteroid 2002 VG131. Resonant arguments σJ = 7λ−λJ−6̟
(top panel), σS = 20λ−7λS−13̟ (middle panel) and σN = λ−2λN+
̟ (bottom panel) plotted against time for the time interval (-25, 25) kyr. The
relative mean longitude with respect to Uranus appears as a thick line. The
resonant behaviour is very similar to that plotted in Fig. 10.
if the details of its dynamical evolution until it is ejected from the
co-orbital region are affected by its inherently chaotic behaviour.
Some control orbits only show Trojan behaviour with a very short
horseshoe episode during insertion and just prior to ejection. More
often, multiple transitions between the various co-orbital states are
observed before ejection.
The comparative evolution of Uranus’ co-orbital Crantor and
candidates 1999 HD12, 2002 VG131 and 2010 EU65 is displayed
in Fig. 9. It clearly shows that objects moving in 2010 EU65-like
orbits are far more stable than any other currently known Uranus’
co-orbital configuration, including that of 2011 QF99. This is the re-
sult of its low eccentricity. Unfortunately, 2010 EU65 has not been
reobserved since 2010 June. Hypothetical objects moving in low-
eccentricity orbits and locked in a Kozai resonance (Kozai 1962)
may be even more stable as in the case of the dynamically cold
Kozai resonators described by Michel & Thomas (1996) or de la
Fuente Marcos & de la Fuente Marcos (2013a). These have not
been found yet in the case of Uranus but they may exist at other
inclinations. The orbital evolutions of Crantor and 2002 VG131 are
remarkably similar and they briefly exhibit Kozai-like dynamics,
the argument of the perihelion librates (or remains almost con-
stant) around 90◦(see Fig. 9, panel F, second and third columns).
2002 VG131 has not been reobserved since 2002 December. Both
2002 VG131 and 2010 EU65 are very interesting targets for recov-
ery; their short-term stability should make that task easier. In sharp
contrast, the paths of objects moving in 1999 HD12-like orbits are
so chaotic that the prospects of recovery for this object are rather
slim; its last observation was recorded almost 15 years ago and this
time-span is practically of the same order as its e-folding time.
The destabilizing role of the 1:7 mean motion resonance with
Jupiter in the case of Uranus’ co-orbitals is just another example
of how asymmetric libration in the region exterior to a perturbing
mass is intrinsically more chaotic than that in the interior region.
Winter & Murray (1997) studied the stability of asymmetric pe-
riodic orbits associated with the 1:n resonances and how chaos is
induced at these resonances: hardly any actual asteroids are trapped
in exterior 1:n resonances in the Solar system. The role of the ex-
terior resonance with Jupiter on the dynamics of 2011 QF99 can-
not be neglected, nor can we ignore its influence on the dynamics
of other Uranian co-orbitals. As for secular resonances, if we rep-
resent the relative longitude of the perihelion, ∆̟, for all these
objects, as we did for 2011 QF99, we obtain Fig. 15. Consistently
with the case of 2011 QF99, the resonant argument circulates only
for Saturn. With the exception of 2010 EU65, the overall behaviour
is similar to the one observed and discussed for 2011 QF99.
Of the 257 asteroids and 165 comets with semimajor axis in
the range (6, 34) au currently in the MPC Database, five asteroids
have been identified as temporary Uranian co-orbitals (or candi-
dates). Comet C/1942EA (Va¨isa¨la¨ 2) is also a candidate to be a
temporary Uranian co-orbital. It means that nearly 2 per cent of
the known asteroids with semimajor axis in that range are Ura-
nian co-orbitals. According to Alexandersen et al. (2013b), the in-
trinsic fraction should be 0.4 per cent with less than a factor of 2
variation. The current tally already appears to be five times larger
than their theoretical expectations and this suggests that our cur-
rent understanding of the origin and dynamics of this resonant pop-
ulation may not be complete. Discrepancies may have their ori-
gin in collisional processes. Three objects (Crantor, 2010 EU65
and 2011 QF99) have absolute magnitude < 10, the others have
> 11 mag. Using the results of collisional evolution calculations,
Fraser (2009) has predicted the existence of a break in the size dis-
tribution (therefore, also in the absolute magnitude distribution) of
TNOs somewhere in the 10–100 km range. Asteroids 1999 HD12
and 2002 VG131 may be fragments of larger objects, the result of
collisional evolution.
Predictions from simulations (see Section 1) appear to sug-
gest that additional Uranus’ transient co-orbitals should exist, al-
though recent modelling by Alexandersen et al. (2013b) indicates
that the current fraction is consistent with expectations. However,
this appears to be in fact at odds with the observational evidence
if all five co-orbitals and candidates are considered. On the other
hand, additional temporary (yet to be detected) co-orbitals may be
in the form of intrinsically fainter objects (apparent magnitude at
perigee > 23 mag, see Table 3), the result of collisional processes.
If this hypothesis is correct, where can they be preferentially found
if their orbital elements are similar to those of the already identi-
fied co-orbitals and candidates? We try to answer this question in
the following section.
8 HUNTING FOR URANIAN CO-ORBITALS: A
PRACTICAL GUIDE
So far, the information collected from the various co-orbitals and
candidates appears fragmentary, disparate and not particularly use-
ful to search for additional Uranus’ co-orbitals. However, we al-
ready know a few robust facts about their orbits: i) their relative (to
Uranus) semimajor axes are likely 6 0.15 au, ii) their eccentricities
are probably 6 0.5, and iii) there are perhaps certain islands of sta-
bility in inclination. On the other hand, and in order to maximize
the chances of discovery, we know that objects must be observed
near perigee (that is sometimes but not always near perihelion due
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Figure 15. Time evolution of the relative longitude of the perihelion, ∆̟, of 1999 HD12, 83982 Crantor (2002 GO9), 2002 VG131 and 2010 EU65. This
figure is analogue to Fig. 8. Only in the case of Saturn, the resonant argument circulates.
to the relative geometry of the orbits). The condition of being lo-
cated at relatively small angular separations from Uranus is only
true for quasi-satellites. It is clear from our previous calculations
that, in general, any angular separation from Uranus is possible,
particularly for horseshoe librators. Transient Uranus’ co-orbitals
easily switch between resonant states and they can change from
Trojan to horseshoe librator on a time-scale of kyr. If they must
be found near perigee, when their apparent magnitude is the low-
est because their distance from the Earth is the shortest, the Solar
elongation becomes a non-issue as it will always be > 100◦.
We have put all these ingredients at work in a Monte Carlo-
type simulation, using the optimal ranges for semimajor axis, ec-
centricity and inclination, and assuming that Ω and ω ∈ (0, 360)◦,
to compute the geocentric equatorial coordinates (α, δ) of hypo-
thetical objects moving in Uranus’ co-orbital candidate orbits when
they are closest to the Earth (i.e. when their apparent magnitudes
are the lowest). A uniform distribution is used to generate the or-
bital elements because the actual distribution in orbital parameter
space is unknown. We do not assume any specific size (absolute
magnitude) distribution as we are not trying to calculate any de-
tection efficiency. However, any Uranian co-orbitals resulting from
collisional evolution (i.e. objects like 1999 HD12 or 2002 VG131)
with sizes below ∼10 km (or absolute magnitude >10 mag) reach
perigee with apparent magnitude >22–23.
Fig. 16 summarizes our findings in terms of location on the
sky in equatorial coordinates at perigee as seen from the centre of
the Earth for i ∈ (0, 90)◦(panel A) and the islands of stability (pan-
els B, C, D and E) in Dvorak et al. (2010). In this, and in Fig. 17,
the value of the parameter in the appropriate units is colour coded
following the scale printed on the associated colour box (grey-scale
in the printed version of the journal). Fig. 17 presents our results in
terms of the perigee and the orbital elements. The equatorial co-
ordinates at the time of discovery of the five objects discussed in
this paper are displayed in Fig. 16, panels B and C. Out of five dis-
coveries, four of them appear in two pairs projected towards the
same two areas of sky (see Table 3). The fifth one is 83982 Crantor
(2002 GO9) itself that was serendipitously found by the Near-Earth
Asteroid Tracking (NEAT) program on 2002 April 12 at Palomar
Observatory. The NEAT program was not designed to target minor
bodies in the outer Solar system.
Statistically speaking, and assuming uniformly distributed or-
bital elements within the ranges pointed out above, the best areas to
search for these objects are located around right ascension 0h and
12h and declination ∈(-20, 20)◦(see Fig. 18). Hypothetical high-
inclination, high-eccentricity objects are expected to be discovered
at higher declinations. The frequency variation between observing
at 6h or 18h and observing at 0h or 12h is higher than 20 per cent,
so statistically significant. Four out of five objects have been dis-
covered at right ascensions near the statistically optimal values of
0h and 12h. On the other hand, the shortest perigees are preferen-
tially found towards the ecliptic poles (see Fig. 17, top panel); the
easiest to spot objects, if they do exist, have perigees well away
from the ecliptic plane and they move in near polar orbits. In prin-
ciple, these hypothetical objects may be unstable Kozai; but they
could be submitted to the nodal libration mechanism (see Verrier
& Evans 2008, 2009; Farago & Laskar 2010) and that may make
them long-term stable. It is obvious that a significant fraction of the
celestial sphere has not yet been surveyed for Uranian co-orbitals
and that the scarcity pointed out in Section 1 may not only be due
to strong perturbations by the other giant planets but also the result
of observational bias. The most numerous objects may be the ones
with absolute magnitude ∼14 mag (diameter ∼1 km, Fraser 2009)
and they reach perigee with apparent magnitudes 24–25.
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Figure 16. Distribution in equatorial coordinates of Uranus’ co-orbital can-
didate orbits at perigee as a function of the inclination (regions as defined in
Dvorak et al. 2010). Full set of prograde orbits (panel A); region A (panel
B); region B (panel C); region C (panel D); region D (panel E). The results
for several millions of test orbits are displayed. The green points in panels
B and C represent the discovery coordinates of the five objects discussed in
this paper (see actual data in Table 3). The darkest lane outlines the ecliptic.
Table 3. Equatorial coordinates and apparent magnitudes (with filter) at
discovery time for the five objects discussed in this paper. (J2000.0 ecliptic
and equinox. Source: MPC Database.)
Object α (h:m:s) δ (◦:′:′′) m (mag)
1999 HD12 12:31:54.80 -01:03:07.9 22.9 (R)
(83982) Crantor 14:10:43.80 +01:24:45.5 19.2 (R)
2002 VG131 00:54:57.98 +12:07:52.4 22.5 (R)
2010 EU65 12:15:58.608 -02:07:16.66 21.2 (R)
2011 QF99 01:57:34.729 +14:35:44.64 22.8 (r)
9 CONCLUSIONS
In this paper, we have presented a detailed analysis of the orbital
evolution and stability of present-day Uranus’ co-orbitals, focusing
on how they got captured in the first place and what makes them
dynamically unstable. Our calculations show that these objects are
submitted to multiple mean motion resonances and exhibit signif-
Figure 17. Distribution in equatorial coordinates of Uranus’ co-orbital can-
didate orbits at perigee as a function of various orbital elements and param-
eters. As a function of the perigee of the candidate (panel A); as a function
of a (panel B); as a function of e (panel C); as a function of Ω (panel D); as
a function of ω (panel E).
icant secular dynamics characterized by a complex structure that
sometimes includes apsidal corotations. The dynamical behaviour
analysed here is a typical example of highly nonlinear dynamics,
resonances inside a resonance or even resonances inside a reso-
nance inside a resonance. This is best studied using numerical sim-
ulations not analytical or semi-analytical work. Some of our results
verify predictions made by Marzari et al. (2003) after studying the
diffusion rate of Uranian Trojans.
We confirm that 2011 QF99 currently moves inside Uranus’
co-orbital region on a tadpole orbit. The motion of this object is
primarily driven by the influence of the Sun and Uranus, although
both Jupiter and Neptune play a significant role in destabilizing
its orbit. The resonant influence of Jupiter and Neptune was deter-
minant in its capture as Uranus’ co-orbital. The precession of the
nodes of 2011 QF99, which appears to be controlled by the com-
bined action of Saturn and Jupiter, marks its evolution and short-
term stability. A three-body mean motion resonance is responsible
for both its injection into Uranus’ co-orbital region and its ejection
from that region. The object will remain as Uranus Trojan for (very
likely) less than 1 Myr. Even if 2011 QF99 is one of the most stable
of the known bodies currently trapped in the 1:1 commensurability
with Uranus, it is unlikely to be a primordial 1:1 librator.
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Figure 18. Frequency distribution in equatorial coordinates (right ascen-
sion, top panel, and declination, bottom panel) of Uranus’ co-orbital candi-
date orbits at perigee. The best areas to search for these objects are located
around right ascension 0h and 12h and declination ∈(-20, 20)◦ .
Our comparative study of currently known Uranus’ co-orbitals
and candidates shows that the candidate 2010 EU65 is more sta-
ble than 2011 QF99 because of its lower eccentricity (0.05 versus
0.18) even if 2010 EU65 has higher orbital inclination (14.◦8 versus
10.◦80). On the other hand, a new candidate, 2002 VG131, is found
to exhibit dynamical behaviour very similar to the one discussed for
83982 Crantor (2002 GO9) in de la Fuente Marcos & de la Fuente
Marcos (2013b) and here. This new candidate is the first identified
quasi-satellite of Uranus; Crantor will also become a quasi-satellite
in the near future. The presence of two objects characterized by
similar dynamics and found by chance suggests that others, yet to
be discovered, may share their properties. Asteroid 1999 HD12 may
signal the edge of Uranus’ co-orbital region. In any case, all these
objects have present-day dynamical ages much shorter than that of
the Solar system; therefore, they are not members of a hypothetical
population of primordial objects trapped in a 1:1 mean motion res-
onance with Uranus since the formation of the Solar system. They
may be former primordial Neptune co-orbitals (Horner & Lykawka
2010) though.
Horner & Evans (2006) argued that present-day Uranus can-
not efficiently trap objects in the 1:1 commensurability even for
short periods of time. However, the available evidence confirms
that, contrary to this view and in spite of the destabilizing role of
the other giant planets, Uranus still can actively capture temporary
co-orbitals, even for millions of years. Regarding the issue of stabil-
ity, both Crantor’s and 2011 QF99’s orbital inclinations are within
one of the stability islands identified by Dvorak et al. (2010) for the
case of Trojans. Both candidates 2002 VG131 and 2010 EU65 move
outside the stability islands proposed in that study although they
are not Trojans. The existence of 1999 HD12 shows that not only
inclination but also eccentricity play an important role in the long-
term stability of Uranus’ co-orbitals. A larger sample of Uranus’
co-orbitals is necessary to understand better the complex subject
of the stability of these objects although temporary Uranian co-
orbitals are often submitted to complicated multibody ephemeral
mean motion resonances that trigger the switching between the var-
ious resonant co-orbital states, making them dynamically unstable.
Currently available evidence suggests that the small number of
known transient Uranus’ co-orbitals may have its origin in observa-
tional bias rather than in the strength of the gravitational perturba-
tions by the other giant planets. Taking this into account, the num-
ber of yet undiscovered transient Uranian co-orbitals may likely be
as high as that of the Neptunian ones. Our results can easily be ap-
plied to implement improved strategies for discovering additional
Uranian co-orbitals.
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